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    Multicrystalline silicon (mc-Si) grown by directional solidification is widely used in photovoltaic applications 
because it is very cost-effective. The photovoltaic properties of mc-Si are strongly dependent on its grain size, 
crystallographic orientation, and the presence of defects. In recent years, many techniques e.g. mono-like silicon, 
dendritic casting growth and high performance mc-Si techniques had been developed to get a mc-Si ingot with low 
defect density. However, there still exist large and internal challenges related to: the control of nucleation, twinning 
occurrence, grain competition, defect generation and their evolution during growth. As a consequence, further 
understanding of the crystal growth mechanism from melt is needed to increase the competitiveness of those processes 
and to reach an efficient mass production. 
    In this study, we experimentally study the directional growth of pure silicon from its melt using in situ observation 
system and particularly, on the evolution of crystal/melt interface to investigate multicrystalline silicon growth 
mechanism. Furthermore, the grain structure information e.g. the grain orientations and grain boundaries types was 
performed through electron backscattering diffraction (EBSD). The in situ observation data and the character of 
solidified crystal give complementary information on the grain structure and defects occurring during the process. We 
focus on the growing crystal/melt interface, grain boundary development and twinning occurrence, aiming at deepening 
the fundamental understanding on the phenomena that occur during the silicon crystal growth. 
     In this thesis, we first present the introduction for the mc-Si techniques used in current photovoltaic applications. 
After the introduction in chapter 1, the experimental background of crystal growth from melt and growth kinetic model 
are presented in chapter 2. Chapter 3 is the experimental setup and measurement used in this study. In chapter 4, chapter 
5 and chapter 6, we present three important topics: the effect of grain boundaries on instability at the crystal/melt 
interface, the grain-boundary development from a facet-facet groove and multiple parallel twin boundary formation 
from step-like grain boundary. Finally, we present a brief conclusion of this study in chapter 7. 
1. The effect of grain boundaries on instability at the crystal/melt interface during the 
unidirectional growth of Si 
The morphology of the crystal/melt interface has been found to play an important role during unidirectional growth 
of both monocrystalline and multicrystalline Si ingots because of its strong effects on defect formation and impurity 
segregation. During unidirectional solidification, the instability of the planar crystal/melt interface can lead to 
morphological transformation or dendrite formation at the crystal/melt interface. It was found that wavy perturbations at 
interface were amplified in conjunction with the formation of a negative temperature gradient leading to a 
morphological transformation from a planar interface to a zig-zag facetted interface. However, the role of grain 
boundaries during the morphological transformation is still not fully understood, even though a significant number of 
grain boundaries can be formed during the solidification of multicrystalline Si. More experimental data are required to 
fully understand the effect of grain boundaries on instability at the crystal/melt interface.  
The present study investigated the instability of a planar crystal/melt interface including frequent Σ3, small-angle 
and large-angle grain boundaries during the unidirectional growth of Si using our in situ observation system. For 
comparison purposes, a single-crystal Si crystal/melt interface was also observed. The evolution of each crystal/melt 
interface including the appearance of grain boundaries, was examined at low and high growth velocities. The 
experimental observations show that grain boundaries can lead to local morphological transformations during the 
progression of the crystal/melt interface at high growth velocities. The data also confirmed that the critical growth 
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velocity for the appearance of instability at a crystal/melt interface including grain boundaries is significantly lower 
than that for a single crystal Si/melt interface. The ambient temperature field at the crystal/melt interface was also 
examined, considering the effective thermal conductivity at the grain-boundary positions. The result demonstrate that a 
localized negative temperature gradient can form at a grain boundary and that such gradients readily initiate the 
morphological transformation. 
 
2. In situ observation of grain-boundary development from a facet-facet groove during 
solidification of silicon 
The photovoltaic properties of mc-Si are strongly dependent on its grain structure, e.g., its grain size, 
crystallographic orientation, and the presence of defects. Grain boundaries in mc-Si are very important because lattice 
defects, which interact with minority carriers, are typically located at grain boundaries. Moreover, grain boundaries act 
as getters, attracting impurities, which results in impurity segregation at grain boundaries. Therefore, the development 
and control of grain boundaries in mc-Si ingots is very important. However, the experimental study for grain boundary 
development from a facet-facet grooves during crystal growth is limited. Therefore, direct experimental evidence is 
needed to clarify the mechanism of grain boundary development during solidification. 
In this study, we monitored the directional growth of mc-Si using in situ observations, and focused on the 
evolution of the grain boundary groove at the melt/crystal interface using our in situ observation system. This study is 
aiming to clarify the fundamental mechanism of grain boundary development from a facet-facet groove during 
solidification process. The experimental results suggested that grain boundary development is strongly dependent on the 
growth velocities of the two facets of the groove. We discussed the development of grain boundary by considering the 
growth velocities on the two facets and proposed a modified model for grain boundary development. By using the 
modified grain boundary development model, we obtain a better understanding of the facet growth kinetics and defect 
dynamics, associated with the propagation of grain boundary from a facet-facet groove during solidification process. 
 
3. In situ observation of multiple parallel (1 1 1) twin boundary formation from step-like grain 
boundary during Si solidification 
It is reported high-density twin boundaries regions are usually devoid of dislocation and exhibit superior electrical 
properties in solar cells. Many reports have showed that high-density twin boundaries generally form during the 
solidification of commercial mc-Si ingots. However, the directly observation for multiple twin boundaries formation at 
grain boundaries is still inadequate to understand the mechanism.  
In this study, we use an in situ observation system to investigate the formation of multiple parallel twin boundaries 
at grain boundaries during the unidirectional growth of mc-Si. The formation of multiple parallel twin boundaries at 
grain boundary grooves was observed. Twin boundaries were repeatedly generated at a crystal/melt interface from a 
step-like grain boundary during solidification. We found the growth velocity of the micro-facet at the grain boundary 
groove accelerated and decelerated, which resulted in the nucleation of a twin and the development of a step-like 
structure at the grain boundary. We carefully estimated the undercooling for multiple parallel twin formation based on 
experimental observation and the result was further discussed by comparison with previous studies. 
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From these experiments and studies, the evolution of crystal/melt interface and grain boundaries during 
solidification process become more definite. It was found the morphology of crystal/melt interface is strongly depend 
on the existence of grain boundaries. We further estimated the temperature profile at growing interface to obtain a better 
understanding of the effect of grain boundaries on the instability of interface. Also, we directly investigated grain 
boundary growth from silicon seed crystals and first time observed the direction change of a RAGB using our in situ 
observation system. By carefully examining the growth at grain boundary groove, it is shown the growth velocity the on 
two corresponding facets play an important role to determine the development direction of grain boundary. These 



































本論文は、第 1 章および第 2 章で研究背景や従来の研究について概説し、本研究の目的を述べ
ている。第 3 章で実験方法について説明した。第 4 章から第 6 章では、上記（1）～（3）につい
て詳細な結果を報告している。第 7 章で本研究をまとめている。 
 本論文は、結晶成長の基礎学理の発展に寄与するものと評価できる。この成果は、提出者の胡 
寛侃が自立して研究活動を行うに必要な研究能力と学識を有することを示している。よって、博
士（理学）の学位論文として合格と認める。 
 
 
 
 
 
 
 
 
 
 
